Breaking bilateral symmetry is critical for vertebrate morphogenesis. In the mouse, directional looping of the heart and rotation of the embryo, the first overt evidence of left/right asymmetry (L/R), are observed at early somite stages (wE8.5) [1, 2] . Activation of a Nodal-Pitx2 regulatory pathway specifically within the left lateral plate mesoderm (LPM) is critical for these events [3] [4] [5] [6] [7] [8] [9] [10] . Asymmetric expression of Nodal is thought to be triggered by left-oriented, ciliagenerated flow within the ventral, midline node [11, 12] . Genetic removal of Hedgehog (Hh) signaling in the mouse demonstrates a requirement for Hedgehog signals in the symmetry-breaking process [13] , and analysis of node trafficking has suggested a mechanism of directional transport in the node that might relate to symmetry breaking in the LPM [14] . Here we provide evidence that Hedgehog signaling in the node is not essential for breaking bilateral symmetry. In contrast, direct Hh signaling in the LPM is critical. Evidence is presented that Sonic and Indian hedgehog signals act together, through a Foxf1/Bmp4 pathway, to enable the initiation and propagation of Nodal signaling within the LPM, regulating the competence of that tissue to respond to the Nodal pathway.
Results and Discussion
Several genes linked to the establishment of left/right (L/R) asymmetry display highly dynamic expression in the early mouse embryo. To compare the precise temporal and spatial expression of each of these relative to initial stages of the L/R asymmetry process, we constructed a detailed spatial and temporal map around ten key genes covering a period from the 0 somite stage (ss), when embryos are symmetric, to the 7 ss, when expression of Pitx2 is consolidated in the left lateral plate mesoderm (LPM) (see Figure S1 available online). Between the 2 ss and 3 ss, upregulation of Nodal is first detected in the left LPM (Figure 1 ; Figure S1) . Surprisingly, Lefty-1 expression was evident in prospective floor plate at the 2 ss prior to Nodal activation in the LPM, even though Lefty-1 expression is thought to depend on Nodal signals [15] . This finding suggests that node-based nodal activity, given that Nodal is already expressed in the ventral layer of the node, likely initiates Lefty-1 activation in the prospective floor plate (PFP) precursors in the adjacent dorsal layer of the node. Pitx2 expression was first observed in the LPM at the 3 ss and Lefty-2 at the 4 ss ( Figure S1 ). A parallel examination of Hedgehog (Hh) signaling revealed that Gli1 and Ptch1, direct targets and transcriptional readouts of active Hh signaling [16] , were upregulated in the LPM between 2 ss and 3 ss (Figure 1) . Thus, an active Hh signaling response in the LPM correlates with, and may be critical for, breaking bilateral symmetry in the early mouse embryo.
To determine whether direct Hh signaling in the LPM influences L/R asymmetry, we used an LPM-specific enhancer from the Cryptic gene [17] to drive expression of Smoothened (Smo) in the LPM of LPM Cryptic enhancer/Smo/IRES/YFP (CSIV) transgenic mouse embryos. Coexpression of a YFP transgene demonstrated that transgene activity was restricted, as expected, to LPM progenitors, and no midline expression was observed at any stage (E7.0 to E8.5, Figure S2 ; data not shown). Consistent with this observation, when expression of the general transcriptional target of Hh signaling, Ptch1, was observed in Smo mutants [13] carrying the transgene (Smo
2/2
;CSIV + ), Hh responsiveness was only detected within the LPM (Figure 2) . Strikingly, whereas Smo 2/2 embryos fail to break bilateral symmetry [13] , Hh signaling within the LPM of Smo 2/2 ;CSIV + littermates was sufficient for the establishment of L/R asymmetry ( Figure 2) . Further, the heart tube always looped to the right in these embryos, indicative of a normal symmetrybreaking process (10 out of 10 embryos examined) ( Figure 2 ). In support of this view, Nodal, Lefty-2, and Pitx2 were appropriately activated in the left LPM, although Nodal and Lefty-2 expression were somewhat lower than wild-type levels. Interestingly, Nodal action was restricted to the left side, despite the absence of Lefty-1 in the floor plate. When Lefty-1 activity is removed directly in Lefty-1 mutants or indirectly through the removal of an essential Sonic hedgehog (Shh)-dependent regulatory input, embryos exhibit ectopic right-sided activation of Nodal and its targets within the LPM [10, 18, 19] . Together, these results suggest that Hh signaling outside of the LPM facilitates lateral propagation of Nodal action, necessitating a Lefty-1 barrier.
The Sources of Hh Signaling
Either Shh or Indian hedgehog (Ihh) is sufficient for the establishment of L/R asymmetry [13] . At the time that bilateral symmetry is broken, Shh is expressed in two midline structures, the node and the notochord. Ihh is also expressed in the node, albeit much more weakly than Shh, and is expressed at high levels in extraembryonic visceral endoderm of the yolk sac [13, 20] . Reexamination of Ihh expression at symmetrybreaking stages also identified a subset of Ihh-expressing cells positioned directly beneath Nodal-expressing LPM cells, within the definitive endoderm of the future embryo ( Figure 1 ; Figure S3 ). To address the relative roles of embryonic versus extraembryonic sources of Hh ligands, we used a Sox2Cre transgenic line to conditionally inactivate Shh and Ihh exclusively within epiblast derivatives of the conceptus [21] . Epiblast-specific removal of either gene alone did not influence L/R asymmetry; Pitx2 was asymmetrically expressed in the LPM as expected ( Figure 3 ). In contrast, embryos lacking both Shh and Ihh activity in this population failed to establish L/R asymmetry ( Figure 3 ). These data demonstrate the importance of embryonic sources of Hh signals; despite strong Ihh expression in the yolk sac endoderm, this source is not sufficient for symmetry breaking. Given constraints of levels, time, and space, the most likely sources of Hh ligand in the L/R asymmetry process are Shh from the midline and Ihh from the definitive endoderm.
Mechanism of Hh Action
To better understand the molecular pathway of Hh action, we sought to identify potential mediators of Hh signaling within the LPM. In several contexts, Hh signaling exerts its activity by inhibiting the formation of a Gli3 repressor form that silences Hh targets [22, 23] . If this mechanism underpins the Hh response in LPM, the L/R defects observed in Smo 
;Gli3
2/2 embryos. Thus, Hh-dependent derepression of Gli3 targets is critical in establishing L/R asymmetry ( Figure 3) .
The Fox family of transcriptional regulators has been linked to Hh signaling in several contexts [24, 25] . One member, Foxf1, is reported to be necessary for breaking bilateral symmetry [26] . We performed a detailed analysis of the expression of Foxf1 and its close relative Foxf2 over the asymmetry-generating period. Interestingly, Foxf1 expression extends along the anterior/posterior (A/P) axis encompassing the entire LPM precisely at the critical 2 ss to 3 ss period when Nodal expression initiates within the left LPM. In contrast, 
2/2 embryos ( Figure 3 ). Together, these data support a model wherein Hh signals dynamically regulate Foxf1 expression within the LPM to enable a Nodaldirected, symmetry-breaking pathway.
Interestingly, Nodal, Lefty-2, and Cryptic are not present in the LPM of Bmp4 tm1 mutant embryos [27] . Thus, Bmp4 is also required for Nodal pathway activity. In the context of Hh-dependent vasculogenesis, Foxf1 is reported to regulate Bmp4 expression in target cells [24] , suggesting a possible Foxf1-Bmp4 regulatory interaction in the L/R asymmetry process. Bmp4 expression was reported within the LPM of Smo 2/2 mutants, though embryos were only analyzed after the critical 2-3 ss period [13] . When examined at this time, Bmp4 displayed a similar temporal regulation to Foxf1; upregulation was observed in anterior LPM from the 2 ss and 3 ss (Figure 1; Figure S1 ). Further, Bmp4 expression was downregulated in the LPM of Smo 2/2 embryos and restored in Smo ;CSIV + embryos (Figure 2 ), indicating that Hh signaling plays an essential role in regulating the levels of Bmp4 expression within the LPM over this period. Given that Foxf1 expression is reported to be unaltered in Bmp4 mutants [27] , Bmp4 likely acts genetically downstream of Foxf1. Together, these data suggest a critical signaling axis in which Hh signaling positively regulates Foxf1 through derepression of Gli3 and Foxf1 initiates Bmp4 expression in the LPM upstream of Nodal activation.
Evidence from others has been interpreted to support a counterview wherein Bmp4 opposes Nodal activation in the left LPM [28, 29] and inhibition of Bmp4 is required for asymmetric expression of Nodal [30] . Whether the reported changes correlate precisely with the narrow developmental window of events in conjunction with the initiation of Nodal expression is not clear. Further, arguments for the inhibitory action of Bmp4 are largely indirect, based on manipulation of signal antagonists (Noggin, Chordin [28] ) or transcriptional outputs (Smad proteins [29, 30] ) that may also modulate other signaling activities within the embryo.
To directly examine whether Bmp4 signaling can rescue L/R deficiencies in embryos lacking Hh signaling, we cultured mouse embryos in the presence of the Smo inhibitor cyclopamine (10 mM [31, 32] ) and Bmp4 (30 ng/ml). Mouse embryos were collected between presomite and the 1 ss (prior to Nodal activation), cultured to the 4-5 ss, and then assayed for Pitx2 expression in the left LPM. In the absence of Bmp4, cyclopamine blocked Pitx2 activation, recapitulating the Smo 2/2 phenotype (13 out of 15 Pitx2 negative) (Figure 4 ; Figure S5 ). Thus, Hh signaling prior to the 1 ss is not sufficient for L/R asymmetry. All embryos also failed to express Foxf1 in a normal pattern in the LPM (Figure 4 ). In contrast, addition of 30 ng/ml Bmp4 rescued left LPM induction of Pitx2 in cyclopamine-treated embryos (10 out of 12 Pitx2 positive), even though normal Foxf1 expression was not restored (Figure 4) . Together, these results support our earlier model of L/R axis specification in the LPM. In this, Bmp4 facilitates activation of Nodal signaling downstream of Foxf1, itself a target of Hh signaling.
Gdf1 Action
Gdf1, another TGFb superfamily member, has also been linked to L/R asymmetry, although the variable appearance of a Nodal cascade indicates that Gdf1 is not itself essential for this process [33] . Gdf1 is expressed in the node, initially weakly but at higher levels by the 3 ss, and in the LPM within the 0 ss to 7 ss time window (Figure 1; Figures S1 and S4) . Gdf1 expression at these sites is also dependent on Hh signaling ( [13] ; Figure 2 ). When Hh responsiveness was specifically restored in the LPM of Smo
2/2
;CSIV + embryos, Gdf1 expression was rescued in the LPM (Figure 2) . Surprisingly, Gdf1 expression was also detected in the node, though at markedly reduced levels compared with wild-type embryos (Figure 2 ). These results argue that Gdf1 expression in the node, and potentially other sites, is not directly dependent on Hh signaling. Further, they support a reciprocal interaction from LPM to node, the mediator of which is unclear. Our study provides strong evidence for a specific, Hh-driven cascade governing L/R asymmetry, but these results suggest that there are likely additional complexities to the cell interactions regulating this process in the mouse.
Conclusions
Direct Hh action in the mouse node has been postulated to regulate the transition from bilateral symmetry to L/R asymmetry [13, 14] . Here, we demonstrate that any node-based Hh action is not essential; rather, direct Hh signaling within the LPM is critical. In this process, Hh signaling does not provide directionality to the resulting asymmetry but enables Hh-independent directional cues to initiate the transcriptional activation of Nodal in the left LPM. One important reason for this action may be to control the precise timing of the asymmetry-generating process during embryogenesis to ensure that this is coupled to other aspects of development. By regulating the responsiveness to Nodal signaling, Hh signaling controls the propagation of Nodal action within the LPM, given that propagation is driven by a Nodal, autoregulatory process.
The nature of the initial information that is transmitted from node to LPM in response to directional nodal flow remains unclear [2, 11, 34] . Alternative models have invoked flow itself or a secreted signal transported by the cilia-generated flow. In the latter, Shh-carrying particles have been put forward as one candidate for a left-directed node-based signal [14] . Our data clearly demonstrate that HH signaling within the node is not required for the establishment of L/R asymmetry, arguing against this model. Rather, the timing of an LPM-specific response is dictated by the acquisition of Hh-established competence directly within the LPM between the 2 and 3 ss.
Together, our data suggest a model that ties together disparate data on how the competence to break bilateral symmetry is established ( Figure S5 ). In this, Shh from midline sources and Ihh predominantly from emerging definitive endoderm initiate Hh signaling at the 2-3 ss in LPM anterior to the node. A second mechanism restricting Hh action to this time window seems likely, given robust production of Shh from midline mesoderm that is evident well before somitogenesis initiates. Hh signaling within the LPM operates predominantly to block Gli3 repression of its targets. One likely target is the transcriptional regulator Foxf1. Foxf1 in turn upregulates expression of Bmp4 in anterior LPM; Bmp4 is itself sufficient to enable activation of Nodal and its accompanying downstream regulatory cascade in the absence of Hh signaling. Whether Bmp4 acts distinctly at later stages to suppress Nodal action cannot be excluded in the current data. Importantly, Bmp4 is expressed in the anterior LPM at low levels even in Smo 2/2 mutants [13] . Indeed, maintaining Bmp4 at a subcritical level prior to the upregulation of Hh signaling and/or Foxf1 may be essential to establish a rapid response, one that permits the activation of a Nodal pathway along the length of the left LPM in only a few hours.
Lefty-1 activity at the midline has been postulated to act as a barrier to the spread of Nodal signaling in order to ensure the fidelity of a left-side-specific Nodal response [10, 18] . Lefty-1 expression in the presumptive floor plate is also Hh dependent. Thus, there is a broader role for Hh-Nodal interactions in the early-somite-stage embryo. Surprisingly, the requirement for Lefty-1 to restrict a Nodal response is dispensable when Hh signaling is prevented outside of the LPM. Thus, Hh signaling may have a more extensive action in regulating the competence for widespread transmission of a Nodal signal through multiple Hh-dependent cell types. Alternatively, when only the LPM is responsive to Hh input, Nodal levels may be insufficient for significant spread of Nodal across the midline.
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